Abstract-The total inertia stored in all rotating masses (synchronous generators, induction motors, etc.) connected to a power system grid is an essential force that keeps the system stable after disturbances. Power systems have been experiencing reduced inertia during the past few decades [1]. This trend will continue as the level of renewable generation (e.g., wind and solar) increases.
I. INTRODUCTION
THOUGH Type 1 and Type 2 wind turbine generators (WTGs) were used in the early days of wind generation, modern WTGs are Type 3 and Type 4. In this paper, only the latter two types will be analyzed because they are relevant to the current and future situations.
Physical diagrams of Type 3 and Type 4 WTGs are shown in Fig. 1 . Both are equipped with a power converter, which allows for the flexible, independent, and instantaneous control of real and reactive power.
A. Wind Turbine Generators (WTGs)
In principle, a WTG converts aerodynamic power into electric power. The aerodynamic power is produced by passing wind through the blades, which in turn drives the rotary shaft. The rotational speed of the shaft is limited because the tip of the blade can produce a loud jet noise when it travels at a high speed. Thus, the larger the turbine is, the longer the blades are, and the lower the rotational speed is to suppress the jet noise. Because the rotational speed of the blades is very slow, it is customary to use the gearbox to increase the rotational speed to match the generator speed. The size of the generator is inversely proportional to the rotational speed. The higher the rotational speed of the generator is, the smaller and lighter the generator is. Thus, it is to be expected that the size of the generator is very large for a direct-drive WTG system. The choice of using the gearbox or the direct-drive system depends on the balance between the technical and economic advantages.
1) Available Aerodynamic (Wind) Power
The available aerodynamic power of a WTG can be computed from the wind speed and the wind turbine dimension as:
where R is the blade radius, ρ is the air density, V is the wind speed, and C p is the performance coefficient of the WTG. The aerodynamic characteristic of the WTG is shown below, and it is affected by the pitch angle of the blades.
The tip speed ratio (TSR) is defined as the ratio of the linear speed of the tip of the blade to the wind speed:
where, ω, the rotational speed, is the rotational speed of the blade. As shown in Fig. 2 specific TSR that has a maximum operating Cp. At blade pitch angle 0°, this TSR corresponds to TSR cp_max = 10, C pmax = 0.52. Under normal conditions, the WTG is operated at its maximum power coefficient to generate the maximum power available from a wind power plant (WPP) for a given wind speed. The maximum aerodynamic power can be computed as: Fig. 3 shows the aerodynamic power as a function of the rotational speed of the WTG. The pitch control is activated only above the rated wind speeds to limit the rotational speed at its rated value. Below rated wind speeds, the pitch angle is set to an optimum value (e.g., 0°). As shown in Fig. 3 , the rated wind speed of the WTG is 10.8 m/s. At the wind speed of 12 m/s, the aerodynamic output power (shown as the pink line with the outlined square symbols) exceeds the rated power of the electrical generator and the associated power converter; thus, the blade pitch must be activated to reduce the aerodynamic power to rated power. In this case, the pitch angle necessary to limit the output aerodynamic power to its rated value is 4.6° (shown as the pink line with the solid square symbols). The pitch is usually controlled to limit the rotational speed to its rated speed, ω = 1.0 p.u. If the pitch angle stays at 0°, the aerodynamic power will stay higher than its generator rated power. This can cause the rotor speed to increase very quickly and result in a rotor runaway problem. 
2) Actual Electrical Power Delivered to the Grid
The actual power delivered to the grid is shaped by the power converter controlling the WTG. From the point of view of the power generation, the actual power that can be delivered to the grid depends on the available aerodynamic power minus the losses.
The actual output power of the WTG is shaped by the power converter, and it can be computed by operating the WTG at maximum power. Substituting the wind speed with the rotational speed, the following equation can be used to shape the generator output based on the rotational speed input, ω:
where:
The power converter and generator can be used to harvest the maximum aerodynamic power. Fig. 4 shows the generator output power in the solid line labeled P cpmax , which is a cube function of the rotational speed. P GEN_cpmax is used to control the WTG under normal operation, thus maximizing the aerodynamic efficiency of the turbine. Fig. 4 also shows the generator output power when its output is controlled to maintain the generator torque constant at its torque limit. Note that the generator is usually controlled to produce torque at rated flux. Because the torque is proportional to the flux and the stator current, this implies that the torque limit also dictates the current limit of the converter design. This dashed line is a representation of the generator operation at the upper limit for the current-carrying capability of the power semiconductor switches (e.g., insulated-gate bipolar transistor). Maintaining operations below the torque limit is important to protect the gearbox from overstressed conditions that may shorten its lifetime. In this example, it is assumed that the generator can be operated at the torque level of 1.2 p.u., but this value depends on the manufacturer's design.
As an example, suppose that the WTG is originally operated at Point A. When the inertial response is commanded, the generator operating point will move from A to B; thus, a power boost (AB) is delivered to the grid. The generator output power is then operated along the line BC, thus operating at maximum torque because the maximum possible aerodynamic power at any rotational speed follows the red solid line. The generator power during the inertial response (along BC) is higher than the available aerodynamic power; thus, the rotational speed decreases while releasing kinetic energy. The area under the dashed line (Tlimit operation) is considered the safe operating area for the generator and power converter-i.e., the power converter and generator are designed by the manufacturer to be able to operate in this region without causing overheating/overtemperatures or permanent damage to the power semiconductor switches or the winding insulation of the electric generator. The capability to provide ancillary services is available upon request from most modern turbine manufacturers [7] .
II. IMPLEMENTING INERTIAL RESPONSE FORECASTING
System inertial frequency response estimation can be found in [8] , and [9] presented level the inertia of a WPP based on synchrophasor measurements. In this paper, instead of estimating the size of the inertia, we forecast the inertial response given a specific inertial control algorithm. Other methods of inertial control algorithms can be found in [10] - [12] . Implementing inertial response forecasting requires sampling the output power, Pgen, from each WTG. From the sampled P gen , the rest are computed. In this paper, the sampling is taken every 5 seconds. The inertial response prediction will be presented as the time series output of the generator or WPP for the next 20 seconds based on the 5-second-interval sampled generator output power. The resulting plot is displayed and continuously refreshed every 5 or 20 seconds (programmable). The computation is implemented in MATLAB.
A. Input Data Required to Compute the Prediction
There are many ways to extract kinetic energy from the blades; the method written here is only one. It is assumed that the WPP consists of identical turbines of the same size, type, manufacturer, and control algorithms. The input data required to compute the short-term forecast of the initial response is mainly the generator output power (Pgen) at each sampling time. Similarly, a logical variable ARW_Flag to signify that the WTG operation is above rated wind speed is needed every sampling time. ARW_flag = 1 if the wind speed is above rated; it is set to zero otherwise. ARW_flag can also be set by observing the pitch angle. A pitch angle > 0° signifies aboverated wind speed operation. For above-rated operation, an overload maximum time should be enforced according to the manufacturer's standard. For example, ΔTovld is a onetime input to the program to ensure that the operation in the overload mode (T limit operation) does not exceed the maximum allowable time (ΔT < ΔT ovld ).
The performance coefficient of the WTG, C p (λ), of the turbine used can be expressed by the nonlinear function of the TSR (λ = ωR/V). The performance coefficient can be represented by a polynomial equation; thus, these polynomial coefficients are precomputed constants and onetime inputs to the program. 
Other required input constants are the blade radius, R; air density, p; total inertia, J; power, P rated ; and maximum allowable torque, T limit .
B. Computing Aerodynamic Power, P aero
The initial average wind speed can be computed based on the measured generator output power and the rated wind speed. (6) where v w_rated = rated average wind power v w_init = average wind power at the beginning of the 5-second cycle P gen_init = generator output power at the beginning of the 5-second cycle P gen_rated = rated power of the wind turbine
The above formula can calculate the wind speed prediction below rated speed; however, it fails to compute the average wind speed above rated speed. This is because when the wind turbine operates above rated wind speeds, the pitch controller will adjust the pitch angle to keep the rotational speed from exceeding the rated speed. The generator output power is commanded to follow the cube function of the rotational speed; thus, the generator output power will never exceed the rated power. By measuring only the generator output power, we can compute only the below-rated wind speed. Another input data point at each sampling should be acquired in addition to the generator output power.
With the assumption that the wind speed is constant for the duration between samples (5 seconds), the TSR (λ = ωR/V) and the performance coefficient Cp(λ) can be computed as the computed rotational speeds change. The aerodynamic power can be computed from (1). The computed aerodynamic power is relevant only below rated wind speed operation because above rated wind speed operation, the rotor speed will always be limited to its rated value by the pitch controller.
C. Computing Electrical Power, P gen
The generator output power, P gen , is acquired every sampling time. In between samples, the electrical output power of the WTG is computed to predict the behavior of the wind turbine. Depending on the nature of the operation-whether the WTG is operating under normal conditions or operating in inertialresponse mode-the generator power can be computed as follows:
Normal conditions, before and after activation of the inertial response: (7) During activation of the inertial response:
D. Computing Rotational Speeds
Estimating the rotational speed can be computed by first checking the status of the above-rated wind (ARW) flag. If the operation is above rated speed, the initial rotational speed is at rated (ω t_init = ω rated then, ARW flag = 1). Otherwise, the initial rated speed is at a point lower than the rated speed-e.g., Point A (Fig. 4) -and it can be computed by (4).
The end of the inertial response activation is when the generator output decreases to the initial output power (as shown in the previous section, P C = P A ). We use the rotational speed to signal the end of the inertial response (when the rotational speed reaches the rotor speed, ω t_end , at Point C). It can be computed from the torque limit operation.
Thus, the turbine speed operating range is between ω t_init at Point A and ω t_end at Point C. Between the samplings, calculating the rotational speed can be computed as:
E. Wind Turbine Generator Perspective
In this subsection, predicting the inertial response of a WTG will be tested for different sets of wind speeds. The input at each sampling time is given in Table I . The forecasted inertial responses for the three wind speeds listed in Table I are shown in Fig. 5 . Fig. 5 (a) shows the output power of the three turbines (per unit), with the initial output given Table 1 . Fig. 5 (b) shows the output power at the point of interconnection (POI), which is the sum of the inertial responses from all the turbines. 
F. Wind Power Plant Perspective
A real WPP covers a very large area. In addition, the landscape may not necessarily be flat; some WPPs are on hilly ground. Thus, there is diversity of the wind resource within WPPs; the wind speed at a single turbine at one corner of a WPP may be different from the wind speed experienced by a wind turbine at another corner. Predicting the inertial response of a WPP must include the diversity within the plant.
To test the inertial response forecast, we include an example of a WPP with 20 turbines with initial outputs as shown in Fig.  6 (a) . The corresponding forecasted output of the WPP for the duration of the period chosen (20 seconds) is shown in Fig. 6  (b) . Note that the total response at the POI is much smoother than the individual output power of the single turbine shown in Fig. 5 (b) . 
III. CONCLUSIONS
The evolution of the capabilities and requirements of WTG to support grid integration that lead to inertial response has been presented. This was then followed by a description of the general characteristics of WTGs, including the mechanical and electrical loading paths that need to be considered when designing WTGs to fulfill the capabilities required by independent system operators, regional reliability organizations, wind turbine developers, and utilities.
The methods of deploying inertial response and the implications of various methods chosen as the inertial response control strategy on the power converter, gearbox, and generator design requirements are beyond the scope of this paper. The proposal to limit the torque limit and output current is intended to limit the potential damage and integrity of the mechanical structure (e.g., gearbox) and the power electronic switches. The inertial response of WTGs for different operating wind speeds and their contributions to the grid at the levels of the WTGs and at the WPPs have also been presented.
The ability to look ahead of the available inertial response from a large WPP for the next 5 to 20 seconds is critical for the system operator. This will inform the instantaneous margin available for inertial response deployment during critical times (loss of generations causing frequency dips) that may jeopardize the reliability of a power system and thus ensure the dynamic stability of the power system.
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